In his study on the formation of sulfide by sulfur bacteria, Starkey2 observed that T. thiooxidans evolved a small amount of hydrogen sulfide from sulfur. He suggested that sulfide was formed from sulfur by sulfhydryl groups present in the cells, through a mechanism similar to that proposed by Sluiter.3 Sluiter showed a nonenzymic reduction of elemental sulfur by reduced glutathione (GSH), forming hydrogen sulfide and oxidized glutathione (GSSG), according to the equation
S + 2GSH -H2S + GSSG.
Parker and Prisk4 demonstrated the ability of T. thiooxidans to oxidize hydrogen sulfide to sulfuric acid, with elemental sulfur as a possible intermediate.
Our efforts to prepare a cell-free extract of T. thiooxidans which could oxidize sulfur were unsuccessful. When GSH was added to the system together with sulfur, however, there was an appreciable amount of oxygen uptake when measured manometrically. In the presence of excess sulfur the amount of oxygen taken up was proportional to the amount of glutathione added. This observation led us to investigate a possible role of glutathione in the sulfur oxidation by the organism.
MATERIALS AND METHODS

Thiobacillus thiooxidans No. 8085 was obtained from the American Type Culture
Collection and was grown in Starkey's medium as described previously.6 Cell-free extracts of this organism were prepared according to Suzuki and Werkman.6 Thiosulfate and polythionates were determined by the method of S6rbo.7 Thiosulfate was converted to thiocyanate in the presence of cyanide and cupric ions; then thiocyanate was determined as the iron complex by adding a ferric nitrate reagent. The optical density was read in a Spectronic 20 at 460 m1u. Poly- thionates were converted to thiocyanate without adding cupric ions.
Hydrogen sulfide was absorbed in 1 M cadmium acetate solution and was determined colorimetrically by the methylene blue method according to Fogo and Popoysky.8
The Barcroft-Warburg apparatus was used to measure the oxidation of various sulfur compounds. The uptake of oxygen cannot be followed in case of sulfide oxidation because of the presence of hydrogen sulfide gas, but the total oxygen uptake when the oxidation of hydrogen sulfide reached completion could be determined.
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EXPERIMENTAL
Oxidation of Sulfur-Glutathione System.-Various amounts of the cell-free extract of T. thiooxidans were incubated with sulfur and GSH in Warburg flasks, and the uptake of oxygen was measured manometrically. The results are shown in Figure  1 . There was some oxygen uptake even in the absence of the extract, but there were increasing amounts of oxygen uptake with increasing volumes of the extract. In the absence of GSH there was no oxygen uptake. Glutathione alone in the presence of the extract was oxidized at a much slower rate than the sulfur-glutathione (hydroxymethyl)aminomethane (pH 7.4) 100 EDTA 2 ,umoles, tris (hydroxymethyl)amino-,umoles; the cell-free extract varied; 10 system in the absence of the extract. When ethylenediamine tetraacetate (EDTA) was present, the oxygen uptake was very rapid for the first 20 minutes, then leveled off (Fig. 1 ). Increasing amounts of the extract affected only the rate of oxygen uptake, and the total oxygen uptake was dependent on the amount of glutathione added (Fig. 2) .
In another experiment the oxidation-reaction mixture of sulfur and glutathione was examined for the presence of thiosulfate and polythionates according to S6rbo.7 The results are shown in Table 1 . Increasing amounts of thiosulfate were formed with increasing volumes of the extract, although there was a considerable amount of thiosulfate in the absence of the extract. The amounts of polythionates formed were not affected by the addition of extract. Polythionates were not characterized, and the concentrations were expressed as trithionate in this table. The addition of EDTA resulted in a decrease in thiosulfate formation, as well as oxygen uptake. There was very little thiosulfate formation in the absence of sulfur. A small amount of oxygen uptake observed was probably due to the oxidation of reduced glutathione to oxidized glutathione. The effect of EDTA on the sulfur-glutathione oxidation by the cell-free extract of T. thiooxidans is not simple. It stimulates the rate of oxygen uptake, but the total oxygen uptake and the amount of thiosulfate formed are smaller than in its absence. The addition of ions such as Fe++, Mg++, Mn++, Co++, and Ca++ did not increase the total oxygen uptake. EDTA apparently stimulates the oxidation of the sulfur-glutathione system, leading to a product other than thiosulfate, very possibly elemental sulfur.
Both in the presence and in the absence of EDTA there was no formation of sulfate, as determined by the addition of BaCl2 to the reaction mixtures.
When GSH was incubated with sulfur under nitrogen at pH 7.4, there was a rapid formation of H2S. Hydrogen sulfide was trapped by a cadmium acetate solution placed in the center well of a Warburg flask and was determined by the methylene blue method. The rate of H2S production was not affected by the addition of the cell-free extract or EDTA or both.
Glutathione is apparently capable of reacting with thiosulfate also. There was H2S formation when 500 gmoles of thiosulfate were incubated with 20 Mmoles of GSH at pH 7.4 under nitrogen, but the rate was slower than the glutathionesulfur system and was stimulated approximately four times by the addition of 0.1 ml. of the cell-free extract. When 500 Mmoles of thiosulfate were incubated with 0.1 ml. of the extract in the presence of 20 Mmoles of GSH and 2 umoles of EDTA at pH 7.4 in air, 5 jumoles of oxygen were taken up. There was a formation of 0.8 smole of polythionates. This result indicated that polythionates can be formed also from thiosulfate and glutathione. Thiosulfate alone could not be oxidized by the extract at this pH. Oxidation of Sulfide.-The oxidation of the glutathione-sulfur system by the cell-free extract suggested the ability of the extract to oxidize sulfide sulfur. Parker and Prisk4 observed the oxidation of hydrogen sulfide by the whole cells of T. thiooxidans in their growth experiments. Their results were confirmed by a manometric experiment with sodium sulfide as substrate. The rate of oxidation was larger at pH 7.0 in tris (hydroxymethyl)aminomethane buffer than at pH 4.0 in sodium acetate-HCl buffer. Small amounts of thiosulfate, polythionates, and sulfate were detected from the reaction mixture at pH 7.0.
Recently the oxidation of sulfide to thiosulfate by rat liver has been studied by several workers.9-" The presence of a similar system in T. thiooxidans was suspected. Various amounts of the cell-free extract of T. thiooxidans were incubated with 10 Mmoles of sodium sulfide in Warburg flasks. The uptake of oxygen stopped when approximately 5 Mmoles of oxygen were taken up in all cases. Increasing volumes of the extract affected only the rate of oxidation, and the total oxygen uptakes were always the same ( Table 2 ). The formation of elemental sulfur was evident from the increasing turbidity of the reaction mixtures during the sulfide oxidation. In the presence of EDTA, sodium sulfide was oxidized rapidly with a total oxygen uptake of 7.6,moles, and 2.5 Mmoles of thiosulfate were formed ( Table 2 ). Again the formation of sulfur was observed. 10 Etmoles; EDTA and the cell-free extract as indicated; and water to make a total volume of 2.0 ml. The reaction was run at 310 C. and was stopped by the addition of 0.5 ml. of cadmium acetate solution (1 M). The reaction mixture was centrifuged, and 0.25 ml. of the supernatant was used for thedetermination of thiosulfate.
The results in the presence of EDTA can be explained if 5 Mmoles of sulfide were oxidized to sulfur and 5 Mmoles to thiosulfate according to the following equations: Na2S + 1/202 + H20 = S + 2NaOH, Na2S + 02 + 1/2 H20 = 1/2Na2S203 + NaOH. There will be an oxygen uptake of 7.5 ,moles, which is in accordance with the result obtained. In the absence of EDTA, the amount of oxygen uptake was smaller than could be explained by the equations. Whether this discrepancy is due to the presence of some oxygen donors in the cell-free extract or the presence of another mechanism of sulfide oxidation is not known.
There was no polythionate formation in the sulfide oxidation by the extract, a fact which distinguishes this oxidation from that of the glutathione-sulfur system, where there was a considerable formation of polythionates.
The cell-free extract, boiled at pH 7.4 for 3 minutes, retained almost all the sulfide-oxidizing activity in the presence of EDTA, but the activity in the absence of EDTA was considerably decreased, coinciding with the result by Baxter and van Reen" with a rat liver preparation. Dialysis against 5 X 10-4 M EDTA did not diminish the activity of the extract in either the presence or the absence of EDTA. Thus a factor or factors responsible for the activity are nondialyzable.
DISCUSSION
The role of glutathione in the oxidation of sulfur by T. thiooxidans may prove to be important. Sulfur is almost insoluble in water, and the ability of glutathione to form H2S from sulfur and the ability of the organism to oxidize H2S rapidly make the hypothesis of sulfur-glutathione contact as the first step of sulfur oxidation very attractive. Elemental sulfur might enter the cell by forming S-S bonds with sulfhydryl groups of protein or with glutathione located near the surface of the cell. It is also possible that sulfur is reduced to hydrogen sulfide by glutathione outside the cell and enters the cell in the form of soluble sulfide ion. The presence of glutathione reductase in this organism'2 also gives support to this hypothesis. Glutathione reductase may supply a mechanism for the reduction of oxidized glutathione in the sulfur-glutathione system according to the following equations:
S + 2GSH -H2S + GSSG, TPNH + GSSG + H+ --TPN+ + 2GSH, where TPNH is reduced triphosphopyridine nucleotide and TPN+ is triphosphopyridine nucleotide. If TPNH is formed during the oxidation of sulfur, glutathione reductase will continuously reduce glutathione, and reduced glutathione will in turn be used to reduce sulfur to sulfide to initiate the oxidation.
Oxidation of sulfide by the cell-free extract of T. thiooxidans was similar to oxidation by rat liver.2-"1 Elemental sulfur and thiosulfate were the oxidation products. EDTA stimulated the activity, especially the heat-stable component of the extract. Baxter and van Reen" claimed a metal-EDTA complex, which is dialyzable, as the cause of the enhanced activity in rat liver preparations. The activity of the cell-free extract of T. thiooxidans, however, was not diminished by dialysis against EDTA. A factor or factors responsible for the sulfide oxidation in the extract may be metalloproteins similar to hemoglobin, as proposed by Sorbo,9 but there is no evidence available to draw a definite conclusion. The formation of polythionates in the sulfur-glutathione system by the extract distinguishes this system from a simple sulfide oxidation. The mechanism of the formation is not known at present. GSH might have been responsible for the formation of polythionates from sulfide by rat liver tissue in the experiment by Smythe. 3 Since Smythe also observed the formation of elemental sulfur-in his experiment, GSH present in the liver preparation would have reacted with the sulfur, and polythionates would have been formed by this reaction. The sulfurglutathione system can be distinguished from a simple sulfide oxidation also by the increasing amount of total oxygen uptake with increasing volume of the extract in the absence of EDTA and the total oxygen uptake independent of the volume of the extract in the presence of EDTA. In either case, however, the oxidation stopped short of sulfate formation, indicating that some factors are missing in the extract for the complete oxidation of sulfur compounds to sulfate. It should be mentioned here also that a heat-labile adenylate kinase present in this organism'4 prevented the study of adenosine triphosphate formation from adenosine diphos-phate during the oxidation of the sulfur-glutathione system. When adenosine monophosphate was incubated with the cell-free extract of T. thiooxidans during the sulfur-glutathione oxidation, there was no formation of adenosine triphosphate.
SUMMARY
Elemental sulfur was oxidized by the cell-free extract of T. thiooxidans only in the presence of reduced glutathione. The oxidation of the sulfur-glutathione system was studied manometrically. Thiosulfate and polythionates were detected in the reaction mixtures.
Sulfide was oxidized rapidly by both the whole cells and the cell-free extract. Thiosulfate, polythionates, and sulfate were formed by the whole cells, while elemental sulfur and thiosulfate were the reaction products in sulfide oxidation by the extract. Ethylenediamine tetraacetate enhanced the sulfide-oxidizing activity of the extract.
A possible role of the sulfur-glutathione system in the oxidation of elemental sulfur by the organism is discussed.
